Abstract: A basidiomycetous yeast, Pseudozyma graminicola CBS 10092, was found to accumulate a large amount of glycolipids in the cultured medium when grown on soybean oil as the sole carbon source. Based on thin layer chromatography, the extracellular glycolipids gave spots corresponding to those of mannosylerythritol lipids (MELs), which are highly functional and promising biosurfactants. 
INTRODUCTION
Bio-based materials such as biodegradable plastics and biosurfactants are highlighted from the global environmental point of view. Biosurfactants are extracellular amphiphilic compounds produced by various microorganisms, and have attracted considerable interest in recent years due to their unique properties (e.g., biodegradability, mild production conditions, and multifunctionality 1, 2) . Mannosylerythritol lipids (MELs, ) are abundantly produced from vegetable oils at over 100 g/L by the yeast strains of the genus Pseudozyma, and are one of the most promising biosurfactants known 1, 2) . They show not only excellent surface-active 3) and self-assembling properties [4] [5] [6] , but also versatile biochemical actions including antitumor and cell-differentiation activities with respect to human leukemia 7, 8) , rat pheochromocytoma 9) , and mouse melanoma cells 10, 11) . In addition, they show high binding affinity toward different immunoglobulins 12, 13) and lectins 14) . On conventional high-level MEL producers such as P. antarctica T-34 2, 15) , P. aphidis DSM 70725 16, 17) and P. rugu- 18) , the product is consistently a mixture of MEL-A, -B and -C ( ); MEL-A is the major component and comprises more than 70% of all the MELs. However, MEL-A has a drawback in handling of the aqueous solution due to its very low water-solubility and/or hydrophilicity: this has partially limited practical application of MELs. MEL-B and MEL-C are deacetylated derivatives of MEL-A, and have higher hydrophilicity and critical aggregation concentrations 6) . They seem highly advantageous for the use of water-in-oil type emulsifiers and/ or washing detergents. We thus focused our attention on the search for new producers of MELs with higher hydrophilicity, aiming to facilitate a broad range of applications for them.
Identification of Pseudozyma graminicola CBS 10092 as a Producer of Glycolipid Biosurfactants, Mannosylerythritol Lipids
Based on our previous studies, there is a close relationship between the structure of MEL produced and the taxonomical characteristics of a producer. For example, P. tsukubaensis produces predominantly MEL-B 19) , while P. shanxiensis 20) and Pseudozyma sp. KM-59 21) , which is closely related to P. hubeiensis, mainly produce MEL-C. These strains are positioned independently of each other and a distance from MEL-A producers on the phylogenetic tree of the genus Pseudozyma ( ). In this way, the exploration of new MEL producers among the genus Pseudozyma has great interest and would enable us not only to attain an efficient production of conventional MELs but also to obtain a variety of types of MELs with different hydrophilicity.
During the course of our study, P. graminicola CBS 10092, a recently identified strain, was found to secrete more hydrophilic glycolipids than the known MELs. Here we describe for the first time the separation and detailed structural analysis of new MELs produced from soybean oil by the strain. We also address the surface-active and self-assembling properties of the yeast glycolipids. Molecular phylogenetic tree constructed using ITS1, 5.8S rRNA gene and ITS2 sequences of the genus Pseudozyma. The DDBJ/GenBank/EMBL accession numbers are indicated in parentheses.
EXPERIMENTAL
vated for 3 days at 25 on a YM agar medium containing 1% (wt/wt) glucose, 0.5% peptone, 0.3% yeast extract, 0.3% malt extract, and 1.5% agar. They were stored at 4 and renewed every 2 weeks.
2
The sequences of internal transcribed spacer 1 (ITS1), 5.8S rRNA gene and internal transcribed spacer 2 (ITS2) of each yeast strain were obtained from the DNA Data Bank of Japan (DDBJ) (http://www.ddbj.nig.ac.jp) and aligned using Clustal W software 22) . The phylogenetic tree was visualized by TreeView software (http://taxonomy.zoolo gy.gla.ac.uk/rod/treeview.html).
3
Seed cultures were prepared by inoculating cells grown on slants into test tubes containing a growth medium [4% (wt/wt) glucose, 0.3% NaNO 3 
4
The produced glycolipids were extracted from the culture medium with an equal amount of ethyl acetate. The extracts were analyzed by thin-layer chromatography (TLC) on silica plates (Silica gel 60F; Wako) with a solvent system consisting of chloroform/methanol/7N ammonium hydroxide (65 : 15 : 2, by vol.). The compounds on the plates were located by charring at 110 for 5 min after spraying the anthrone reagent as previously reported 23) . The purified MEL fraction, including MEL-A, -B and -C prepared as reported previously 18) , was used as a standard.
5
The quantification of the produced glycolipids was carried out by HPLC on a silica gel column (Inertsil SIL 100A 5 mm, 4.6 250 mm; GL science Inc, Japan) with a low temperature-evaporative light scattering detector (ELSD-LT; Shimadzu, Japan) using a gradient solvent program consisting of various proportions of chloroform and methanol (from 100 : 0 to 0 : 100, vol/vol) at a flow rate of 1 ml min -1 16) . The quantification of MEL was carried out by HPLC based on the standard curve using the pure MEL fraction, which was prepared by P. antarctica T-34, as described previously 18) . All measurements reported here are calculated values from at least three independent experiments.
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The above organic layer was separated and evaporated.
The concentrated glycolipids were dissolved in chloroform and then purified by silica-gel (Wako-gel C-200) column chromatography using a gradient elution of chloroform/ acetone (10 : 0 to 0 : 10, vol/vol) mixtures as solvent systems (Morita et al. 2006 ). The purified glycolipids were used in the following experiments.
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The structure of the purified glycolipid (MEL-C) was characterized by 1 H and 13 C nuclear magnetic resonance (NMR) with a Varian INOVA 400 (400 MHz) at 30 using the CD 3 OD solution. The fatty acid profile of the glycolipid was examined mainly by the method described previously 24) . The methyl ester derivatives of the fatty acids were prepared by mixing the above purified glycolipids (10 mg) with 5% HCl-methanol reagent (1 mL). After the reaction was quenched with water (1 mL), the methyl ester derivatives were extracted with n-hexane and then analyzed by gas chromatography-mass spectrometry (GC-MS) (Hewlett Packard 6890 and 5973N) with a TC-WAX (GL-science, Tokyo) with the temperature programmed from 90 (held for 3 min) to 240 at 5 min -1 .
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The surface tension of the purified MEL-C was determined by the Whilhelmy method at 25 , which was performed using the apparatus consisting of a Whilhelmy-type automatic tensionmeter (CBVP-A3, Kyowa Interface Science Co., Ltd., Japan).
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To examine the lyotropic-liquid-crystalline phase behavior of the purified MEL-C, the water-penetration scan technique was used as reported previously 5) . A polarized optical microscope (ECLIPSE E-600, Nikon, Japan) with crossed-polarizing filters equipped with a charge-coupleddevice camera (DS-SM, Nikon, Japan) was used for the scan. Birefringent textures from the optical microscopy allowed the assignment of the particular lyotropic phase types to the samples.
RESULTS

1
P graminicola 10092
The Pseudozyma yeasts are tentatively categorized into three groups by the formation of glycolipids 19) ; the first group produces MELs, the second (P. flocculosa and P. fusiformata) produces MELs and/or other types of glycolipids such as cellobiose lipids, and the third (P. thailandica and P. prolifica) produces no extracellular glycolipids.
illustrates the phylogenetic tree of the Pseudozyma yeasts constructed with the ITS1, 5.8S rRNA gene and ITS2 gene sequences. According to the tree, MEL-C producers such as P. hubeiensis 21) and P. shanxiensis 20) were positioned independently of each other and a distance from conventional MEL-A producers such as P. antarctica, P. rugulosa and P. aphidis.
Interestingly, P. graminicola CBS 10092, which was recently isolated and deposited to CBS, was positioned near to the MEL-C producers on the tree ( ), indicating that this strain should produce MELs other than MEL-A or MEL-B. We thus focused our attention on the glycolipid formation from soybean oil by the newly identified strain.
2
P graminicola P. graminicola CBS 10092 was cultured in a basal medium containing 8% (vol/vol) soybean oil for 7 days, then an equal amount of ethyl acetate was added to the cultured media. On TLC, the ethyl acetate extracts showed spots of two glycolipids corresponding to MEL-A and MEL-C ( ). On HPLC, the extracts also showed two peaks other than the peaks of residual oils and free fatty acids. The retention time of the minor peak (7.25 min) corresponded well to that of MEL-A, while that of the major peak (8.17 min) corresponded well to that of MEL-C ( ). Interestingly, the major peak comprised approximately 85% of all the products (9.6 g/L).
3
In order to confirm the structure of the glycolipids produced by P. graminicola, the purified major glycolipid was further studied by 1 H and 13 C NMR spectroscopy ( ). The spectrum obtained from the major glycolipid corresponded well with those of the previously reported MEL-C of P. antarctica T-34 ( ) 20) . In the same way, the minor component of the glycolipids was identified as MEL-A (data not shown). Consequently, P. graminicola CBS 10092 was confirmed to be a novel MEL producer, which predominantly provides MEL-C.
The fatty-acid profile of the present MEL-C was further analyzed by the GC-MS method, and compared to that of MEL-C produced by other strains ( ). The major fatty acids were C 6 , C 8 and C 14 acids; these comprised over 56% of all the acids. On the other hand, the major fatty acids of MEL-C produced by P. antarctica were C 10 acids, while those of MEL-C produced by P. shanxiensis were C 16 acids. Accordingly, the hydrophobic structure of the present MEL-C was considerably different from those of MEL-C hitherto reported.
4
MEL-C has only one acetyl group in the mannose moiety ( ), and was thus expected to show different surface activities compared to MEL-A, "di-acetylated" MEL. We therefore determine the surface tension of the purified
126
J. Oleo Sci. 57, (2) 123-131 (2008) graminicola. Samples were extracted from the cultured medium using an equal amount of ethyl acetate, and the organic solvent fraction was spotted on to a TLC plate (A), and subjected to HPLC analysis (B). The purified MEL standard prepared from soybean oil by P. antarctica T-34 was used as a reference. 
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MEL-C by the pendant drop method. shows the surface (air-water) tension vs. concentration plot of the MELs in distilled water. The estimated critical micelle concentration (CMC) and surface tension at CMC (g CMC) of the present MEL-C were 4.0 10 -6 M and 24.2 mN/m, respectively. On the other hand, those of MEL-A produced by P. antarctica T-34 were 2.7 10 -6 M and 28.4 mN/m, respectively 5) . As expected, the present MEL-C showed higher CMC and hydrophilicity compared to MEL-A, retaining an excellent surface-tension lowering activity.
5
We further tentatively investigated the self-assembly properties of the present MEL-C in aqueous solutions. Here, we examine the formation of lyotropic-liquid-crystalline phases from the purified MEL-C by the water-penetration technique as reported previously 6) . shows water penetration scans of the MEL-C viewed with (right, POL) and without (left, DIC) crossedpolarizing filters. In both cases, the photographs clearly indicate three different regions that should represent water (W), the lamellar phase (L a ), and the neat surfactant phase (S). Interestingly, the observed lamellar phase spreads over a wide concentration range. Based on our previous study, MEL-B, which has much higher hydrophilicity than MEL-A, efficiently forms the lamellar phase (L a ) and myelins, while MEL-A forms mainly the 
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sponge phase (L 3 ) 6) . These results may assist the higher hydrophilicity of the present MEL-C compared to MEL-A.
Accordingly, the present MEL-C has excellent surfaceactive and self-assembling properties, and would expand the application of biosurfactants in the combination of other types of MELs.
DISCUSSION
In this study, we found a novel MEL-C producer using the taxonomical information based on the sequence of rRNA gene. Here, we describe for the first time that P. graminicola CBS 10092, which is a newly identified strain of the genus, secretes predominantly MEL-C together with a small amount of MEL-A.
P. antarctica T-34 15) , which is the representative MEL producer, provides a mixture of MEL-A, -B and -C in the ratio of approximately 65: 10: 15 from soybean oil. On other high-level MEL producers such as P. rugulosa, P. aphidis, P. parantarctica, the main product is also constantly MEL-A 19) ; it comprises more than 70% of all the MELs. On the other hand, Pseudozyma sp. KM-59 21) , which is closely related to P. hubeiensis, gives mainly MEL-C; it comprises more than 65% of all the MELs, while P. shanxiensis 20) gives only MEL-C. As mentioned, the main product of P. graminicola CBS 10092 was identified as MEL-C, which constitutes 85% of all the MELs, indicating the CBS strain is a promising MEL-C producer. These results permit us to assume that the biosynthesis pathway for MEL is highly conserved among the Pseudozyma strains, but the MEL-C producers have a deletion in the acetyltransferase, which catalyzes the acetylation of the hydroxyl group at C-6 position on the mannose moiety. Further genetic and biochemical studies should thus be conducted on the MEL biosynthesis to shed light on the speculation.
Another interesting feature of the present MEL-C is its fatty acid profile. On the above MEL-A producers, the fatty acid profiles are nearly identical to one another; the major acids are C 8 and C 10 ones. The main fatty acids of MEL-C produced by Pseudozyma sp. KM-59 are C 6 and C 16 ones, while those produced by P. shanxiensis are C 14 and C 16 acids. Interestingly, the main fatty acids of the present MEL-C were much different from known MEL-C, and were identified as C 6 , C 8 and C 14 . Consequently, there is a significant diversity of the fatty acid metabolism among the MEL-C producers, compared to the MEL-A producers. These results seem consistent in the taxonomical distance among the genus Pseudozyma.
As previously reported, the yeast strains of the genus Pseudozyma are tentatively categorized into three groups by "the pattern of glycolipid production" 19) ; the first group produces MELs, the second (P. flocculosa and P. fusiformata) produces MELs and/or other types of glycolipids such as cellobiose lipids, and the third (P. thailandica and P. prolifica) produces no extracellular glycolipids. Taking the present results into consideration, the first group will be further categorized into three groups, namely, MEL-A producers, MEL-B producers (P. tsukubaensis), and MEL-C producers. The three MEL-C producers, P. hubeiensis, P. shanxiensis and P. graminicola, are distantly placed from each other on the phylogenetic tree, whereas MEL-A producers are very closely positioned on the tree ( ). Therefore, the classification of MEL-C producers based on the taxonomical index seems to be insufficient due to the evolutionarily remoter distance among them. Further genetic analysis of the genus Pseudozyma would be required to provide another index, such as the MEL biosynthesis genes, improving the systematic classification method of the genus Pseudozyma.
Generally, on glycolipid surfactants, the chain-length of the hydrophobic part gives a critical effect not only on the hydrophilicity but also on the physiochemical properties including its manner of self-assembly 5) . MEL-A is the most J. Oleo Sci. 57, (2) 123-131 (2008) intensively studied MEL due to its high production yield from different carbon sources 17, 18) , and exhibits versatile interfacial and biochemical properties 2, 6) . However, the "diacetylated" MEL shows low hydrophilicity and/or watersolubility; this partially limits its range of applications. Therefore, new producers of "mono-acetylated" MELs such as MEL-B and MEL-C have also been desired from the practical point of view. Indeed, MEL-B shows much higher hydrophilicity than MEL-A, and efficiently forms the lamellar and myelin structures in an aqueous solution 6) . The presence of a primary hydroxyl group at the C-6 position on the mannose moiety as well as the high content of the short fatty acids such as C 6 and C 8 should thus increase the hydrophilicity of the present MEL-C compared to the MELs hitherto reported. As indicated above, the observed CMC (4.0 10 -6 M) was slightly higher than that of MEL-A (2.7 10 -6 M) and similar to that of MEL-B (4.5 10 -6 M). The g CMC of the MEL-C (24.2 mM/m) was lower than that of MEL-A (28.4 mN/m) and MEL-B (28.2 mN/m) 3 ) , implying that the MEL-C shows higher hydrophilicity. In addition, the present MEL-C efficiently provided a lamellar phase on a water penetration scan, in contrast to the case of MEL-A. This also supports the difference on the hydrophilicity and/or water-solubility between the present MEL-C and conventional MELs. However, the difference should be carefully confirmed based on a detailed physicochemical characterization. Accordingly, the present MEL-C is a novel type of MEL, and may provide us with a better understanding of the structure-function relationships of biosurfactants.
In conclusion, we have reported for the first time that a newly identified strain, P. graminicola CBS 10092, predominantly produces MEL-C, 4-O-[(4 -mono-O-acetyl-2 ,3 -di-O-alka(e)noyl)-b-D-mannopyranosyl]-D-erythritol. The present MEL-C possesses a different structure from conventional MELs, and exhibits excellent surface-activity and unique self-assembling properties. The new MEL and the producer would thus be expected to contribute a broad range of applications of MELs. Further investigation regarding the gene and proteins involved in MEL biosynthesis are in progress.
